The growth of polymer domains in the isotropic, nematic, and smectic matrices is studied by the light scattering. In the smectic and isotropic matrices the growth is diffusive, and in the nematic matrix it is influenced by the elastic forces. The scaling is obeyed. A crossover to the wetting fast-mode hydrodynamic regime is also observed at long times. In order to perform these measurements we had to eliminate the multiple scattering of light. DOI: 10.1103/PhysRevLett.90.115504 PACS numbers: 61.25.Hq, 61.30.Pq, 64.75.+g, 68.55.Jk The formation of complex self-assembled materials is based on the phase separation/ordering processes [1] [2] [3] [4] . Whether we consider the phase-separated composite films for liquid crystal (LC) displays [1,2], a self-organized supramolecular architecture for complex electronic materials [3] , the ordering of quantum dots [4] , or the amplification of the ligand-protein binding [5] , we invariably use the liquid crystal as a matrix and a polymeric material as an additive. The final morphologies obtained in the separation/ordering processes depend on the competing interactions inside the composite material [5, 6] . These interactions are very complex in the materials comprising LC because they involve the elastic forces arising from the deformation of the LC matrix [7, 8] .
The formation of complex self-assembled materials is based on the phase separation/ordering processes [1] [2] [3] [4] . Whether we consider the phase-separated composite films for liquid crystal (LC) displays [1, 2] , a self-organized supramolecular architecture for complex electronic materials [3] , the ordering of quantum dots [4] , or the amplification of the ligand-protein binding [5] , we invariably use the liquid crystal as a matrix and a polymeric material as an additive. The final morphologies obtained in the separation/ordering processes depend on the competing interactions inside the composite material [5, 6] . These interactions are very complex in the materials comprising LC because they involve the elastic forces arising from the deformation of the LC matrix [7, 8] .
Here we study the influence of these forces on the separation of polymers from LC matrices.
The study of phase separation in LC matrices by smallangle light scattering (SALS) has been hampered by the strong anisotropy of the refractive indices for ordinary and extraordinary rays passing through the sample. The domains in LC of different orientation which form in the unoriented samples lead to a strong multiple light scattering [9] [10] [11] [12] because the typical difference in the refractive index for parallel and perpendicular orientation is n 0:2. The mean free path of light in the sample is l a 1=, where n 2 is the scattering cross section and is the number density of scattering objects (domains). In the simplest case of Rayleigh scattering with domains of size 0:1 m, the wavelength of red light 0:6 m and 50=50 volume fraction, one finds l a 10 m. For a sample size h l a the multiple scattering effects preclude the simple analysis of the scattering intensity based on a single scattering event. In our experiments we have used the samples of thickness ranging from 10 to 120 m, and therefore in order to observe the coarsening process in SALS we had to eliminate the multiple light scattering.
A uniform binary AB mixture separates into the A-rich and B-rich domains after the temperature quench into the thermodynamically unstable region. Their size, Lt t , grows algebraically in time, t, during the phase separation with the exponent different for different mechanisms of growth [13] . If both phases are isotropic and the growth is induced by the diffusion, then 0:25 < < 0:33 [14, 15] , while for the growth governed by the hydrodynamic flow 1 < < 3=2 [15] [16] [17] . In the isotropic liquids the crossover between the diffusion and hydrodynamic regime is gradual and occurs at Lt p , where is the transport coefficient and is the viscosity [13] . Here we determine for the growth of isotropic polymer domains in the orientationally and positionally ordered LC material.
Experiment, elimination of the multiple scattering.-We have used a mixture of polystyrene (PS), from Fluka Chemical Co., molecular weight MW 65 000 and MW=MN 1:02 (MN is the average molecular weight) and a liquid crystal 4-cyano-4 0 -n-octyl-biphenyl (8CB). Most of the measurements were done for the 70%=30% by weight for 8CB/PS. The scattering of light was monitored on a linear array of 512 photodiodes, and the scattering intensity Sq; t was determined as a function of the scattering wave vector q and time t. The temperature was controlled up to 0.01 C, and the typical time for the stabilization of the temperature after a sudden change (even by 10 -20 C) was 50 sec. The samples were prepared on the glass plate and were covered by the second glass plate. The distance between the plates was set by the spacer of known thickness h 10, 50, and 120 m. The phase separation has been studied in the I I (at temperature T 41 C, N I (T 39 C), and Sm I (T 32 C) regions of the phase diagram ( Fig. 1 ) (consistent with [18] ).
The index of refraction of PS is n PS 1:589, and in the isotropic phase n 8CB 1:566. We have n n PS ÿ n 8CB 0:023 and a very simple estimate [19] gives us the mean free path of light l i 10 3 m. We have l i h 10-120 m l a . Thus we do not have the multiple scattering in the isotropic matrix, but we do have it in the anisotropic matrix.
The idea of the elimination of the multiple scattering of light is based on the observation that the formation of the smectic or nematic order between polymer-rich domains is immediate (of the order of microseconds or milliseconds) while the growth of polymer domains occurs on the time scale of minutes or even hours. Our method consists of the following steps ( Fig. 1 ): the well annealed system is quenched to the nematic or smectic phase. It evolves for 0.5, 1, or 2 h. Then we make a temperature jump to the isotropic phase for 1 min, take the measurement of Sq; t, and quench it back to the original temperature in the anisotropic phase. After the jump to the I I region from the N I or Sm I region, the nematic or smectic domains turn into isotropic domains, multiple scattering disappears, and a peak coming from the weak PS/8CB contrast emerges (Fig. 1, bottom) . The difference in the equilibrium composition (up to 6%) is not large enough to cause a strong flux of the solvent during the measurement. The steps are repeated until the peak of Sq; t moves outside the available range of q (11 > q > 0:2 m ÿ1 ). We have carefully checked that after the second quench the scattering intensity comes back to its original value observed before the jump. We have also verified that the same growth laws are obtained if we let the system evolve for 2 h (only in the smectic, where the growth is very long) 1 or 0.5 h between the temperature jumps.
Growth laws.-The average size of the polymer domains in the Sm I region is given by (Fig. 1 ) Lt 1=q max t t . In Fig. 2 we show the change of the peak position, q max , as a function of time for three thicknesses of the sample (10, 50, 120 m). The exponent in all three cases is 0:28 0:02, indicating the growth is governed by the diffusion. In the inset we show a crossover to the hydrodynamic regime with exponent 0:9 0:2. The exponent suggests that the smectic weakly wets the glass [17, 20] . In the first growth regime (diffusion) the scaling [21] is obeyed, i.e., Sq; t L 3 tYqLt q ÿ3 max tYq=q max t, where Y is the scaling function. In Fig. 2 we also plot Sq; tq 3 max versus q=q max which shows a perfect scaling for all q apart from the very small wave vectors. This effect can also be explained [20] by the fact that after a quench the wetting layer which forms at the walls does not follow the bulk scaling.
In the isotropic phase shown in Fig. 3 the two regimes with exponents 0.25 and 1.5 are clearly visible. The latter exponent is characteristic for the fast-mode hydrodynamic regime [16] under the strong wetting conditions [17] . The crossover to the hydrodynamic regime occurs for the same size of the domains in the smectic (Fig. 2 ) and isotropic matrices (Fig. 3) despite the fact that the viscosity of the smectic matrix (10 P) is 1000 times larger than the viscosity in the isotropic matrix (10 ÿ2 P). It is consistent with the diffusion growth where the crossover occurs at Lt p and 1= is the transport coefficient inversely proportional to the viscosity. The time scale of the crossover seems to scale as 1=3 , because for the smectic it occurs at times 1 order of magnitude longer than for the isotropic matrix.
FIG. 1. (a)
The phase diagram of the PS/8CB mixture (temperature versus the weight fraction of the liquid crystal 8CB). I stands for the isotropic, N for the nematic, and Sm for the smectic matrices. For example, Sm I denotes the two phase region where the smectic 8CB-rich phase coexists with the isotropic polymer PS-rich phase. In order to observe the growth of the polymer-rich domains in the ordered (nematic or smectic) matrix we use the following temperature sequence: quench (0.5 or 1 h) to the ordered phase from the one-phase region ! jump to the isotropic phase (1 min) ! quench back. The samples were annealed at T 60 C and the jump was made to T 41 C either from the nematic, i.e., from T 39 C, or from the smectic phase from T 32 C. Most of the measurements were performed for 70%=30% of 8CB/PS. (b) The scattering intensity Sq; t versus the scattering wave vector for two different times, showing the effect of the multiple scattering of light during the growth process for the h 120 m sample size. The bottom flat curves are the scattering data taken directly in the smectic phase (T 32 C), and the curves with a large peak are the data taken after the jump to the isotropic phase. Sq; t in the smectic phase is completely isotropic (flat curve) due to the multiple scattering. The peak in Sq; t coming from the weak contrast between PS/8CB domains is much higher than the scattering in the smectic phase, but in the Sm I region this peak is hidden under a multiple scattering background. Only the change of contrast obtained by the temperature jump (see text for explanation) revealed the structure of the polymer domains in the system. Two arrows indicate the peak positions. One at small wave vectors originates from the wetting layers at surfaces and one at large q is the bulk peak. The one at small wave vectors is responsible for the fast mode hydrodynamic growth regime. The triangles show the results of the one-point run; i.e., the domains grew in the smectic phase for 8 hours without a quench-jump monitoring of this growth, and only after 8 hours did we heat up the smectic to the isotropic phase and perform the measurements.
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The scaling is satisfied only in the diffusion growth process.
The nematic does not conform to the diffusion limited growth (Fig. 4) . The growth exponent changes from 0:33 0:03 to 0:47 0:03 as we change h from 120 to 10 m, but the scaling is obeyed. We believe that the growth in the nematic matrix is governed by the elastic forces especially for thin samples. Let us consider two droplets, of size Lt, attracting each other with the force Fr; Lt, where r is the distance between their centers. From the measurements of water droplets in the LC matrix [7] one finds F Fr=Lt. Two droplets move in the viscous matrix at speed v F=Lt. If there is scaling [v dLt=dt and Fr=Lt F1] in the system, it follows that Lt t 0:5 . The exponent 0.47 for h 10 m is consistent with our prediction. We conclude that there is a crossover in nematics from the diffusion growth for large thickness of the sample to the growth governed by the elastic forces for a small size of the system. The growth exponent in the hydrodynamic regime for very thin films is larger than 3=2, although we note that there is nothing universal (no scaling) in this regime.
We are aware of only two measurements [22, 23] , complementary to our studies, of the growth exponents in anisotropic media. In Ref. [22] an anisotropic diffusion growth in the nematic-nematic phase separation was observed under the microscope for the mixture of liquid crystalline polymer and low molecular weight liquid crystal. The determined exponent was 0:33 0:03. In Ref. [23] the isotropic-lamellar phase separation in the mixture of surfactant, cosurfactant, water, and oil was studied. The authors found 0:33 0:06 for h 400 m, but the close inspection of their Fig. 4 indicates the crossover to the hydrodynamic regime. There were also studies of the phase separation in the system of polymer and liquid crystals in the nematic phase; see, e.g., Ref. [24] . In all such studies the multiple scattering effects were completely ignored. In view of our estimates, such an approach is not justified (see also Fig. 1 ). Our sample could be oriented [9] [10] [11] [12] by the treatment of the   FIG. 3 . The change of the location of the maximum of the scattering intensity, q max , as a function of time t for the I I region (see Fig. 1 ). In the inset the crossover to the fast-mode hydrodynamic regime is shown for h 10 m; the same growth exponent within experimental accuracy is obtained in this regime for h 120 m. Fig. 2 for the N I region of the phase diagram. Here the growth exponent depends on the film thickness. The scaling is obeyed only in the first growth regime irrespective of the thickness of the sample.
FIG. 4. The same legend as in

FIG. 2. (a)
The change of the location of the maximum of the scattering intensity, q max , as a function of time, t, obtained by the method described in Fig. 1 for the Sm I region for three different thicknesses of the sample. In the inset, the crossover to the hydrodynamic growth regime is shown for h 10 m. surface, but the appearance of isotropic polymer domains could spoil the surface orientation of the sample anyway. The orientation of the LC (e.g., 5CB) at the PS surface is well defined by the anchoring energy; the director makes an angle of 74 from the normal to the surface (almost planar orientation) [25] . In very thin samples (10 m) under strong anchoring conditions at the glass plate (stronger than at the PS surface of the domain) one could in principle orient the sample and eliminate the multiple scattering of light.
There are no theoretical predictions for the growth of isotropic domains in the positionally ordered (smectic) matrix. Recently researchers started to study the growth of isotropic domains in the nematic solvent for 2D [26, 27] and 3D system [28] . In [26, 27] the mesoscopic model C [13] is used without hydrodynamic flow, and in [28] the microscopic Lebwohl-Lasher model is used with Monte Carlo dynamics. In [27] the authors find the exponent 1=3 crossing over to 1 with a characteristic large plateau between two regimes. We do not see such a plateau. In [28] the evolution did not reach the late stage scaling.
To summarize, in mixtures of polymers and liquid crystals the growth of isotropic polymer domains is diffusive in the smectic phase (Fig. 2) and has a crossover to the hydrodynamic fast-mode growth characteristic for systems in which one of the components wets the confining walls. The same behavior is observed for the isotropic matrix (Fig. 3) . The growth of the polymer domains in the nematic in very thin samples is governed by the elastic forces arising from the director deformation of the nematic matrix (Fig. 4) . In all cases the scaling is obeyed in the first growth regime for all q except for the very small wave vectors (Fig. 2) . This work is supported by the Komitet Badań Naukowych Grant No. 2P03B00923 (2002 -2004) .
